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Abstract

of the Ge-Ga-S glass.

Optical and FTIR spectroscopy was employed to study the properties of 80GeS,-20Ga,Ss-CsCl chalcohalide glasses
with CsCl additives in a temperature range of 77-293 K. It is shown that CsCl content results in the shift of
fundamental absorption edge in the visible region. Vibrational bands in FTIR spectra of (80GeS,-20Ga5S3)100 - x(CsCl),
(x=5, 10, and 15) are identified near 2500 cm™', 3700 cm™', around 1580 cm™', and a feature at 1100 cm™'. Low
energy shifts of vibrational frequencies in glasses with a higher amount of CsCl can be caused by possible
thermal expansion of the lattice and nanovoid agglomeration formed by CsCl additives in the inner structure
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Background
Modern IR photonics emphasizes a significant import-
ance of glassy functional materials with improved ex-
ploitation characteristics [1-3]. Among the promising
media for applications of photonics are specific glasses,
such as non-oxide glassy-like materials with a high con-
tent of chalcogens (S, Se, Te), which are also widely
known as the chalcogenide glasses (ChGs) [4, 5]. Main
developments concerning the preparation of such mate-
rials include different methods of their technological and
post-technological structural modification using external
influences, such as thermal annealing, high-energy ir-
radiation, and laser beam treatment [5—8]. Technical
possibilities of these modification methods, however, are,
to a large extent, restricted by peculiarities of a vitreous
state with characteristic effects of natural physical aging,
functional non-reproducibility, and thermodynamic in-
stability in view of high affinity to chemical reactivity.
That is why the commonly used optimization of ChG
is connected with traditional chemical compositional
modification based on doping possibilities with add-
itional components introduced into the glass matrix to
attain new, sometimes unusual, properties. The principal
functionality of ChG is determined by their excellent IR
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transparency. A wide range including both commercially
important atmospheric telecommunication windows at
3-5 and 8-12 um up to a space telecommunication do-
main at 20-25 pm can be effectively combined with the
transparency of halide compounds in a visible range by
developing mixed chalcogenide-halogenide glasses such
as Ge-Ga-S-CsCl systems [9, 10]. The mix of unique op-
tical properties with high flexibility in composition and
fabrication methodology makes these ChG systems com-
pelling for IR photonics [11]. The exceptional IR trans-
parency associated with suitable viscosity/temperature
dependence creates a good opportunity for developing
ChG-based molded optics for IR devices.

In [12, 13], we studied the influence of CsCl amount
on an atomic-deficit sub-system (void- or pore-type
structure formed due to the lack of atoms at some of
glassy network sites) in Ge-Ga-S-CsCl chalcohalide
composition. In this work, we analyze the CsCl effect on
the optical and vibrational properties of (80GeS,-
20GasS3)100 - £(CsCl), glasses with x =5, 10, and 15.

Methods

GeSy-GayS3-CsCl  chalcogenide glasses were sintered
from Ge, Ga, S, and CsCl compounds (99.999 % purity),
as described in details elsewhere [14—16]. Raw materials
were melted at 850 °C in a silica tube for several hours.
The (80GeS,-20GasS3)100 - x(CsCl), (x=5, 10, and 15)
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glasses were annealed at 15 °C below a glass transition
temperature (7y) for each of the glasses [16] to minimize
inner strains. Such amount of CsCl additives is optimal
in order to modify Ge-Ga-S glasses before future
doping of these materials by rare-earth ions. For the
purpose of convenience, the obtained glasses of
(80GeS,-20Ga5S3)100(CsCl)g, (80GeS,-20GayS3)os(CsCl)s,
(80GeS,-20Ga,S5)90(CsCl); 0, and (80GeS;-20GayS3)gs5(CsCl); 5
hereafter are referred to as (CsCl),, (CsCl)s, (CsCl);0, and
(CsCl)ys, respectively.

Optical spectra were measured using a Cary5 (Varian)
short-wavelength spectrophotometer. A Bruker Vector
22 instrument was exploited to record the spectra in
the mid and far-infrared regions [16]. IR spectroscopy
at different temperatures was carried out at the infra-
red beamline SINBAD of the Daphne Light synchro-
tron IR facility [17-21]. The infrared transmission
spectra were collected using a Vertex 70V FTIR spec-
trometer equipped with a Janis ST-100-FTIR (Janis
Research Company, LLC, Woburn, MA) continuous
flow cryostat and a room temperature DTGS de-
tector. The outer cryostat windows were made of
CaF,. The temperature points (293, 220, 150, and
77 K) were set with a LakeShore 331 temperature
controller and kept constant, controlling the flux of
liquid nitrogen and heating power during the neces-
sary measurement procedure. The heating/cooling
rate in experiments was set to 10 K min ', The
transmission spectra were acquired in the vacuum
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between 4500 and 900 cm™' with a spectral reso-
lution of 4 cm™, performing 128 scans.

Results and Discussion

The transmission in the visible and infrared region of
spectra for ChG under study measured at 293 K is shown
in Fig. 1. Samples with x=0 and x=5 are essentially
transparent down to 500 nm. A further increase of the
CsCl content in the base GeS,-Ga,S; glassy matrix results
in a shift of the absorption edge towards shorter wave-
lengths which is in line with the earlier reports [14, 16].
The transmission increases with a CsCl concentration
from 60 % in CsCly to 80 % in CsCl;5. As was shown in
[16], by adding up to 15 mol% of the alkali halide in the
glassy matrix, the bandgap energy evolves from 2.64 to
291 eV. From a structural point of view, the addition of
less than 15 % of CsCl in GeS,-Ga,S; glasses is character-
ized by the formation of GaS,_,Cl, tetrahedra that are
dispersed in the glass network. Hence, the average number
of Ga-S bonds decreases in favor of the average num-
ber of Ga—Cl bonds. One of the observed features for
(80GeS,-20GasS3)100 - (CsCl), (x=0, 5, 10, and 15)
glasses in the vis-IR transmission is the sharp peak
at 4 pm (for base glass, black line) that is attributed
to S—H stretching and is considerably damped for
samples with CsCl. There are also features at
6300 nm corresponding to H,O, in which 6700 and
2900 nm are related to O-H stretching vibrations.
The intensity of absorption bands associated with
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Fig. 1 Visible and IR transmission spectra of (80GeS,-20Ga;Ss)100 - (CsCl), (x=0, 5, 10, and 15) chalcohalide glasses measured at 293 K
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water increase with the CsCl amount, confirming the
hygroscopicity of CsCl [16].

The results of FTIR measurements at different temper-
atures are shown in Figs. 2 and 3. First, the absorbance
for GeS,-Ga,S3 as a function of CsCl content was ana-
lyzed at 77, 150, 220, and 293 K and is presented in
Fig. 2. Three main vibrational bands are identified for
(80GeS,-20Ga,S3)100 - »(CsCl), (x =5, 10, and 15) glasses.
The fundamental S—H absorption band is observed at
2500 cm™' [22]. The maxima at ~3700 cm™' are very
likely an O-—H-related absorption, common for many
chalcogenide glasses [22]. The band at around 1580 cm
- corresponds to H,O impurity that resides in struc-
tural voids [23]. The feature at ~1100 cm ™' could be due
to inorganic sulfate ion absorption [24]. For each
temperature, the intensities of the identified bands are
increased with the CsCl amount in the 80GeS,-20Ga,Ss
ChG. The S-H and O-H absorption bands are very
weak for (80GeS,-20Ga,S3)e5(CsCl)s glasses. There is a
minor band near 1580 cm ™ that corresponds to H,O.
Obviously, the structures of Ge-Ga-S glasses containing
a smaller amount of CsCl are more stable against the ad-
sorption of water due to a small amount of free-volume
voids [12, 25]. Increasing of CsCl content in (80GeS,-
20Ga,S3)100 - x(CsCl), glasses to x =10 and x = 15 results
in higher intensities of the bands corresponding to 1580
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and ~3700 cm™' at all measured temperatures (Fig. 2).
These transformations are connected with changes in
the inner structure of ChG with CsCl that facilitate a
more intensive H,O adsorption. Most probably, (CsCl);5
glasses could be enriched by the water molecules, having
an effect on its structure. As it follows from the meas-
urement results, main vibration bands are somewhat
shifted to lower energies at 77 and 150 K, but as the
temperature rises up to 220 and 293 K, these changes
become more obvious. Such temperature shifts of vibra-
tional frequencies can be caused by possible thermal ex-
pansion of the lattice [26] and nanovoid agglomeration.
The fact of the nanovoid formation induced by CsCl addi-
tives in Ge-Ga-S has been definitely confirmed by positron
annihilation lifetime spectroscopy [12, 15, 25, 27-29].

The vibrational spectra of (80GeS,-20G2a,S3)100 - (CsCl),
(x=5, 10, and 15) glasses collected at different tempera-
tures for each composition are shown in Fig. 3. It can be
observed that the bands located near 1580 cm ™" appear for
all glasses and show no shifts. In the (CsCl); and (CsCl);
ChG samples, there is a very slight shift of the S—H absorp-
tion band located near 2500 cm™ at elevating tempera-
tures. However, the temperature shift of vibrational
frequencies towards lower energies for (CsCl);5 glasses is
detected for the S—H vibrational band and O-H-related
peaks also shift with the increase of temperature from 77 to
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293 K. We tend to think that this effect may be due to the
differences in water absorption in the structure at higher
temperatures. All transformations of vibrational modes of
(80GeS,-20Ga;S3)s5(CsCl) 15 glasses are related to the ex-
cessive amount of CsCl additive, resulting in the damage to
the inner structure of the host material.

Conclusions

The CsCl addition effects on the optical and vibrational
spectra for GeS,-Ga,S;-CsCl glasses are investigated. It
is demonstrated that the transmission in the visible re-
gion increases with a CsCl concentration from 60 % in
(CsCl)p to 80 % in (CsCl);p and (CsCl);s. A sharp peak
at 4000 nm for a base (CsCl), glass is attributed to S—H
stretching and is considerably damped for samples with
CsCl in the mid-IR spectra. There are also features at
6300 nm corresponding to H,O, in which 6700 and
2900 nm are related to O-H stretching vibrations. The
intensity of absorption bands associated with water in-
creased with the CsCl amount, confirming the hygro-
scopicity of CsCl. It is established that for each
measured temperature (77, 150, 220, and 293 K), the in-
tensities of the observed vibrational bands increase with
the CsCl amount in the 80GeS,-20Ga,S; ChG. The prin-
cipal vibrational bands centered near 1100, 1580, 2500,
and 3700 cm ™' in (CsCl),;5 glasses are slightly shifted to
lower energies between 77 and 150 K. The shift is more
pronounced between 220 and 293 K. Such temperature
shifts of vibrational frequencies can be caused by pos-
sible thermal expansion of the lattice and agglomeration
of nanovoids formed by CsCl additives. Temperature de-
pendences of FTIR spectra also indicate the lower-
energy shift of vibrational frequency of the S—H-related
band for (CsCl);5 glasses and the shift of O—H-related
peaks at elevating temperatures.
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